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Abstract—We develop a new technique for a dual-function proceed in concert with the continual search and utiliratio
system with joint radar and communication platforms. Sidebbe of the available spectrum [2], [5]-[9]. Sharing of spectrum
control of the transmit beamforming in tandem with waveform resources and occupation of the same frequency bandwidth

diversity enables communication links using the same pulse h ire devisi ffecti hes to lim
radar spectrum. Multiple simultaneously transmitted orth ogonal owever, require devising efiective approaches to limuiser

waveforms are used for embedding a sequence &fs bits during  interference between the two system functions and to phpper
each radar pulse. Two weight vectors are designed to achieveapply the spatio-temporal degrees of freedom made possible
two transmit spatial power distribution patterns, which have the  py advances in waveform design and ubiquitous use of multi-
same main radar beam, but differ in sidelobe levels towardste sensor transmit/receive configurations.

intended communication receivers. The receiver interpredtion of Spect hari dth f t it platf

the bit is based on its radiated beam. The proposed technique pectrum sharing an e_usg 0 Common ransmit platrorm
allows information delivery to single or multiple communication ~between radar and communications require the operator-to de
directions outside the mainlobe of the radar. It is shown tha fine the primary and secondary system functions, as demanded
the communication process is inherently secure against iatcept by power allocations and preference in beam directivitye Th
from directions other than the pre-assigned communication problem of embedding communication symbols into the radar

directions. The employed waveform diversity scheme suppts . .
a multiple-input multiple-output radar operation mode. The Dackscatter was addressed in [10], [11]. Incorporatingraam

performance of the proposed technique is investigated in tens ~ Nications as secondary to the primary radar function has bee
of the bit error rate. reported in a number of papers [12]-[14]. The embedding of
Index Terms—Dual-function radar-communications, informa- .a communication signal into the rada_r em|55|_0n was rep(_)rted
tion embedding, waveform diversity, sidelobe control, biterror  in [13]. More recently, a method for information embedding
rate. using time modulated arrays has been reported in [14]. The
phases of the transmit array elements are adjusted frone puls
to pulse in order to introduce variations in the sidelobeslev
. _ . _ (SLLs) towards the intended communication receiver. Dyrin
Motivated by the desire to lower the installation and har@ach radar pulse, the communication receiver detects the SL
ware costs, and driven by the need for radio frequency (REmd interprets the associated information symbol. Altfiotig
spectrum exploitation, the sharing of system platforms aRghveform does not change from pulse to pulse, it is diffiqult t
common frequency bands between radar and communicatig@sign multiple transmit power distribution patterns witfe
have become the main objectives guiding active sensiggme mainlobe using time modulated arrays. This difficuity i
apd wireless techno!ogles. The co-existence of r:_;ujar aaributed to the fact that the optimization criterion itwexl in
wireless communication systems can ease competition oe& design is highly nonlinear and computationally demagdi
bandwidth [1], [2]. It can also complement the functionglit | this paper, we introduce a new approach to dual-function
of cognitive radio [3] and cognitive radar [4] in enhancingadar communications (DFRC) using waveform diversity in
spectrum usage and efficiency. In other words, co-existeng@dem with sidelobe control. Multiple orthogonal wavefsr
of the two platforms within the same frequency band cagre used to embed a sequencelgf bits of information. The
. . o sidelobes towards the communication directions are ctedro
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of transmit array elements is large, higher valuesIgf wheret andr denote the fast-time index (i.e., time within the
can be used leading to higher data rates. In addition to tfslar pulse) and the slow-time index (i.e., pulse numbe¥), r

waveform diversity, incorporating other types of diveysé.g., spectively(t), k =1,..., K are K orthogonal waveforms,
polarization, offers the potential for achieveing evenhieig u;, ¥ = 1,..., K are the My x 1 transmit beamforming
data rates. weight vectors,\;(7),k = 1,..., K are the weights used

The proposed technigue has the following attributes: (B Tho determine how much power is assigned to each transmit
communication message can be delivered to single or meiltiptaveform such that the total transmit power is fixed, &nt
communication directions as long as they are located atsidenotes the complex conjugate. The wavefounét), k =
the mainlobe where the primary radar function of the systeh. .., K are assumed to satisfy the orthogonality condition at
takes place; (i) The communication process is inherenthgro time-delay, that ig.. ¢ (t)y;, (t) = 0, k # k', where
secure against intercepts from directions other than tke pf is the pulse width. The orthogonal waveforms are used for
assigned communication directions; (iii) The decodingaxfre matched-filtering at the receiver enabling the extractibthe
bit at the receiver is independent from other neighborirrgceived signals components associated with each traegmit
bits in the sequence; (iv) The same set of waveforms asaveform. It is worth noting that the baseband signals in the
transmitted within every radar pulse which enables therradeansmit signal vectos(¢; 7) need not be orthogonal. The
to perform coherent processing; (v) The waveform diversigurpose of the transmit weight vectang, £ = 1,..., K, is
enables the radar to operate in a multiple-input multipléwofold: (i) To focus the transmit power within the main beam
output (MIMO) mode; and (vi) The communication direction®f the radar operation while minimizing the power radiated i
can be adjusted adaptively if the receiver is mounted ontlee out-of-sector area; (i) To enable information-embedd
moving platform. The superiority of the proposed approadhwards communication directions via achieving certaie- pr
over the recently developed method in [14] is validated gisidetermined SLLs. Appropriate ways to design the transmit
simulation examples. weight vectors will be discussed later in Section Ill.

The paper is organized as follows. The signal model is de-Assuming thatL far-field targets are located in a certain
scribed in Section Il. Formulations for transmit beamfargii range-bin within the radar main beam, théz x 1 vector of
designs to achieve quiescent mainlobe response and \aridiziseband signals received by the radar is expressed as
SLLs towards certain directions are presented in Sectibn Il
In Section IV, we introduce two novel signaling strategies f x(t; 7) Z BT ( )s(t;r))b(@m)+5<(t;7-)+z(t;r),
the proposed information embedding approach. Performance’
analysis of the proposed signaling strategies is proviaed i (2
Section V. Supporting simulation results are presented Where 3,,(7) is the reflection coefficient of thenuth target
Section VI and conclusions are drawn in Section VII. which obeys the Swerling 1l target model, i.e., the reflattiv
remains constant during the entire radar pulse but changes
from pulse to pulsea(d,,) andb(8,,) are theMr x 1 and
the Mpr x 1 steering vectors in directiof,,, of the transmit

In this section, we develop a generic DFRC signal modghd receive arrays, respectivelyt; 7) is the Mz x 1 vector
employing waveform diversity and sidelobe control. The-preomprises the signals that impinge on the receive array from
posed system and the one reported in [14] are special casefefsidelobe regions(t; 7) is the Mz x 1 vector of additive
the developed model, as will become apparent in the follgwiRyhite Gaussian noise with zero mean and covariartday,,,
sections. ()T denotes matrix transpose, adgy, is the Mz x Mg

Consider a DRFC system equipped with one dual-functigfentity matrix. It is worth noting that the processing o&th
transmit array, one radar receive array, and one (or moraHar received data can be performed directly onithe x 1
communications receive array(s). The transmit and radar tata vectorx(t;7), i.e., without making use of the wave-
ceive arrays consist af/7 transmit and\/r receive antennas, form diversity. Alternatively, incorporating a preprosesy
respectively, arranged in an arbitrary linear shape. Withostep via matched-filtering the received data to the orthatjon
loss of generality, we assume that both the radar transrdit aransmitted waveforms may lead to improved radar operation
receive arrays are closely spaced to each other such thaiepending on the transmit signaling strategies used to @mbe
target located in the far-field would be at the same spat@lean information, as will be discussed later in Section IV. Note
with respect to both arrays. The purpose of the dual-functighat the utilization of the waveform diversity at the radar
transmit array is to embed information toward the dired®n receiver requires that the transmit waveforms be orthogona
of the communication receiver(s) as a secondary task withey all time-delays and Doppler-shifts within the range and
affecting the main task of the DFRC system, i.e., the rad@locity specifications of the radar. However, in practiper-
operation. The transmit array is used to focus the transrdktly orthogonal waveforms with overlapped spectral eats
power within the main beam where the radar operation takesnnot be achieved and, therefore, waveforms with low eross
place. TheMr x 1 vector of the baseband representation @forrelations should be used. The problem of waveform design
the signals at the input of the transmit antennas is given bwith low cross-correlations has been extensively studiettié

literature (see [18]-[21], and references therein).
Z/\k T)ui g (t) (1) Consider.J communication receivers located at arbitrary
directions within the sidelobe region. The orthogonal wave

Il. SIGNAL MODEL
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form dictionary used at the transmitter is assumed to 6’ denotes the Hermitian operation. The optimization prob-
known to each communication receiver. Assume thatjthe lem (4)—(6) is convex and can be efficiently solved using
communication receiver is equipped wilfy receive antennas the interior point methods [22]. It is worth noting that the
arranged in an arbitrary linear shape. TNe x 1 vector of aforementioned optimization problem should be solv€d
baseband signals at the output of the receive elementsas gitimes, i.e., it should be solved for eveny,, £k = 1,..., K.
as Note that the total number of equality constraints in (5)—(6
y;i(t;T) = ajcj(qu)(aT(Hj)s(t; T)) +n;(t;7)  (3) equals/+1 < Mg, which is less than or equal to the number
of degrees of freedom and, therefore, a feasible solutigh)teo
where a; is the channel coefficient which summarizes thes) js guaranteed. However, if the number of communication
propagation environment between the transmit array and {f@actions is larger tha/r, it is possible that the problem
jth communication receiverg; is the direction-of-arrival pecomes infeasible. In such a case, the equality sign in (6)
(DOA) with respect to the broad side of thith communication gpould be relaxed (e.g., changed to an inequality) and thie va
receive arraye;(¢;) is the steering vector of the receive array A, should be carefully chosen to warrant a feasible solution

in direction¢;, andn;(t; 7) is the N; x 1 vector of additive 5 the relaxed formulations of the problem.
white Gaussian noise with zero mean and covariazj’da,j.

1. TRANSMIT BEAMFORMING DESIGN Case 2: Wlde Main Beam

In this section, we introduce computationally efficient met  For the more general case when the radar operation takes
ods for appropriately designing the/; x 1 transmit beam- place in a wider spatial sect® = [0y n 6rax|, ONE way to
forming weight vectors needed for implementing the prodoseéesign the transmit beamforming weight vectors is to min@mi
DFRC methods given in Section IV as well as the methdfie difference between a desired transmit power radiation
in [14]. The proposed methods require the use of only tweattern and the actual one under the constraints that the
transmit beamforming weight vectors while the method ir [14idelobes be bounded by certain pre-defined levels. This can
requires the use & = 277 weight vectors. The formulations be formulated as the following optimization problem
described in this section design each transmit beamforming
weight vector separately and, therefore, enable desigmof a r{llikn max ‘ 1Ga(0)] — |ut'a(d)] ’, 6e® (7
arbitrary numbetk of transmit beamforming weight vectors. _
From tr)(e radar operation view point, one ?<ey rgquirement is subject to [ui'a(0)| <e, 0¢€O, (8)
to maintain a constant transmit power radiation patteriwit w'a(0;) =Ay, j=1,...,J, 9)
the main beam of the radar during the entire dwell time, i.e., ) ) ] )
during the coherent processing interval. On the other hiand Where Ga(f) is the desired transmit beampattern ané a

order to embed information in the beamformer. the SLL jROSitive number of user’s choice used for controlling thé-SL
the communication directions should be permitted to assumédn (7)=(9), the objective function fits the actual transmit
different values. These two key requirements are achieised fattern associated with each transmit beam which is masdate
appropriate transmit beamforming design. We consider thy the radar operation. The set of constraints in (8) is used t

transmit beamforming design for the following two cases. upper-bound the transmit power leakage within the sidelobe
areas, which is also mandated by the radar operation. Note

that the upper bound determined by the parametés the
same for all transmit beams. The set of constraints in (9) is
Consider the case where the main beam of the radaraissociated with the secondary function of the system, wilich
focused towards the spatial angle A meaningful way to to embed information by enforcing different SLLs towards th
design each transmit weight vectay, & = 1,..., K, is to communication directions. It is worth noting that the paeten
minimize the power radiation level in the out of sector regioA; which determines the SLL is different for each transmit
©®, while maintaining a distortionless response towards tle@am. Sinces is the highest sidelobe level as mandated by
desired directio,. In addition, a certain pre-specified SSL ishe main radar operation of the system, the conditign <
enforced in the directions where the communication recgive:, &k = 1,..., K should be satisfied. However, a tradeoff
are located. Assuming that the number of communicatietween the primary radar and the secondary communication
receivers is less than the number of transmit antennas, igperations can be achieved by allowing the SLLs towards
J < My, the transmit beamforming design can be formulatatle communication directions to be higher than the rest of
as the following optimization problem the sidelobe region. This means that more transmit power is
~ assigned to the communication operation at the price of a
, 0€86, ) decreased transmit gain within the main radar beam. In this
subject to ufla(f,) = 1, (5) case, the set of constraints in (8) shquld_cover the sidelobe
wa(d,) = Ay, j=1,...,J ©6) region excluding the communication directions.

! ’ T The optimization problem (7)—(9) is difficult to solve due to
where A;, is a pre-determined positive number used to déie non-convex objective function. Therefore, we reforateil
termine the amount of transmit power radiated towards tlige problem by slightly modifying the objective functionewW
communications directions over thgh transmit beam and set the desired radiation pattern @g(0) = ¢’*(%), yielding

Case 1: Narrow Main Beam

min max ’ukHa(H)
ugp 0
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the following optimization problem pulse, i.e..L g waveforms are transmitted simultaneously. Dur-
. 6 H ' ing each radar pulse, every transmitted orthogonal warefor
min max e/? —uira(0;)|, 0; €O, i=1,...,1 (10) js used to deliver one information bit to the communication
. H < = 1 receivers. Théth orthogonal waveformy;(t), I =1,...,Lp,
subject to ’u; a(f )’ & _9p €0, p=1....° (11) is radiated either viay; for B;(7) = 0 orug, whenB;(r) = 1.
uya(l;)=Ar, j=1,...,J, (12) In this case, the baseband transmit signals in (1) can be

wheret;, i = 1,...,1, and6,, p = 1,..., P, are discrete rewritten as

grids of angles used to approxima® and ©, respectively, My
andy(¢) is a phase profile of user's choice. The optimizations(;7) =/ 7 Z Bl T)ug+(1-Bi(7 ))UE)ZDl(t), (16)
problem (10)—(12) is convex and can be solved in a com-

gﬁ;atl'gnbaél}éaerz;c'ﬁni&igr;et;[zﬂér:rﬁvvae:ee;;.ag s;ri.r;f:egwhere the power normalization factey Mz /Ly is used to
u ully w : utl ensure that the total transmit power is fixed M.

way 1o do this is to solve the following auxiliary problem For thejth communication receiver, the baseband represen-
min ¢ (13) tation of theN; x 1 signal vector at the output of the receive

W& - array is given by
subject to ‘uf 0 )‘<5 0,€®, p=1,...,P,(14) .
weals) = Ak, J=1d 19 i) =y T asei(0) Y (Birufla))

which is guaranteed to have a feasible solution. Denote the o =1
solution to (13)-(15) asnin- Then, the range af values which +(1 — By(r))uff a6 ))zpl( )+ (t;T)
warrants a feasible solution to the optimization proble@){1 Ly
(12) is given ag > eni,. Note that the transmit beamforming MT

. . | . . ¢;(65) Y (BurAL
weight vector obtained by solving (10)-(12) yields a unit LB P
magnitude within the main radar beam. However, in practice,
the transmit weight vector can be scaled up to the desired +(1 - BZ(T))AH)W@ +y(t; 7). (17)

transmit gain as long as the total transmit power budget dq&
not exceed the maximum allowed power of the actual syste
Further note that scaling up the transmit weight vectorltesu
in magnifying the transmit power distribution at all angles

Soitched-ﬁltering the received data in (17) to each of the
ansmitted orthogonal waveforms yields thé;, x 1 data
vectorsy;;, [ =1,...,Lp, defined as

equally, i.e., the relative SLLs with respect to the maielob Mz, A B(r) =0
remain unchanged. V I @Anc(¢;)+nju(7),  Bi(1) =0,
yiu(7) = (18)
M -
IV. SIGNALING STRATEGIES FOR V T aiArc(¢;)+ngu(r),  Bi(t) =

INFORMATION-EMBEDDING
wheren; ;(7) is the N; x 1 additive noise vector at the output

During each radar pulse, the transmitter is assumed gpthe Ith matched-filter with the same statistics as that of
embedL g bits of information denoted as the binary sequengg; (¢; 7).
By, 1=1,...,Lp. In this section, we propose two signaling To detect the transmitted bits, we first apply a simple rezeiv
strategies for information-embedding using waveform diveheamforming step, that is
sity in tandem with sidelobe control. Both signaling stgges
require the use of only two transmit beamforming weight Y1) = Cf(gbj)yj_,l(r), l=1,...,Lg. (19)
vectors denoted asy anduy,. Both uy andu;, are assumed

to have the same transmit power radiation pattern exceptiA€N: Py performing a simple ratio test, we obtain

the spatial directions of the communication receivers wltlee 0, if |y;u(r)| >T,
SLL associated withuy; is assumed to be higher than the SLL Bi(r) = o B (20)
associated withar,. Either of the optimization problems (4)— 1, if y(r) < T,

(6) or (10)—(12) can be used for designing the aforementione

two weight vectors by choosindy,, = Ay while designinga; WhereT" is a threshold. Note that for fast-fading channels, it
andA;, = Ay, for designingu;,, whereAy; > Ar,. Therefore, is difficult to determine the optimal value of the threshold.
the constraints in (6) (similarly (12)) should be restated &lowever, the fast-fading channel case is out of the scope of
uffa(d;) = Ag and ufa(d;) = A, while designinguy this paper.

and uy,, respectively. We assume that botly and u;, are At the radar receiver, thé/y x 1 received data model of
normalized to have unit norm. (2) can be rewritten as

A. Proposed Transmit Signaling Strategy 1 x(t;7) \/ Z Brn (T)b(Orm, Z (BI(T)UEan)
The first method requires the use of a number of orthogonal . §
waveforms equals to the number of transmit bits per radar +(1 = Bi(7))uy a(9m))¢l(t) + x(t; 7) + z(t; R1)
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Matched-filteringx(¢; 7) to the orthogonal transmitted wave-array is given by
forms yields theM p x 1 virtual data vectors;, I = 1,..., Lp,
defined as

M
t T) Tozjcj gbj

\/; . u(r)blt) (B 0) ff

0= Bl >)+ (1) +alr) (22) > ((Bryaffa0) + (1 = Bi(m)uifa(s;) ()
— Bi(7))ua z)(T —

u a(f 1— By(7))ufla(b; t
where %,(r) 2 [x(tr)r(t)dt and z(r) 2 ( fia(ty) + (1= Bur))uf a(6))) e, i)
[ z(t;7)¢; (t)dt
Stacking the virtual data vectors in (22) in one column _ /&a_c_ b
vector, theL g My x 1 extended data vector is expressed as N 2L TR
L
. /]LV[_Z S B (1)a(Om) © b(0n) + x(7) + 5(r(23) Z ((Bir)AL + (= Bilr) A (t)
m=1
wherea(#) is the Lp x 1 diversity vector, defined as (B Z(T)AH+(I_BI(T))AL)U)LB“@))
+n;(t; 7). (26)
Bi(r)ufla(0) + (1 = By(r))uf{a()
a(0) = ; , (24) Matched-filtering the received data in (26) to each of the
Br,(t)uffa(9) + (1 — Br,(7))uffa(9) transmitted orthogonal waveforms yields thg x 1 vector
® is the Kronecker product, andx;(r) £ Palr,y;1 aNdyj. Lo+t 1= 1., Ly, defined as
&I (7),....%xF (7)]" andz(r) £ [2] (7),...,2z] (7)]" are
the Lg Mg x 1 out of sector interference and additive zero- Mr Mr (B 7
mean white Gaussian noise with varianeg, respectively. vl 2L I\
The virtual data in (23) corresponds to the virtual data rhode +(1-By(1)A )C(¢7) +n(7), (27)
used in MIMO radar. When performing DOA estimation, ’
the use of the data in (23) leads to better angular estimation _ () My Mr (B -
accuracy and angular resolution than that of the singletinp YiLe+iT 2Lp !

multiple-output (SIMO) configuration adopted in [14]. For +(1-B A; Ve(d:) +n, (28
detailed discussions on the advantages of MIMO radar over ( (7)) L) (3) itpti(7)- (28)
SIMO radar in terms of DOA estimation performance, see

[23]-{31]. We note that the use of (23) for DOA estimation \Measuring the signal strengths at the receivernds) =
requires the bit sequendg,(7), [ =1,...,Lp to be known 1 (6))ys.(7)| and np (1) = [P (65)yjnsri(T)], | =

at the radar receiver, thus making it swtable for monastati . 1 theith transmitted bit can be detected using the
radar applications. In case the bit sequence is not avmlatést

at the radar receiver (e.g., in bistatic radar applicaiotie

data in (21) can be used for DOA estimation and localization.

{ 0, if m (T) > NLg+l (T)a
(29)

L if m(7) <mppa(T).

B. Proposed Transmit Signaling Strategy 2 K
This signaling strategy utilize3L g orthogonal waveforms
to deliver an Lp bits message sequence during a sing
radar pulse. More specifically, two orthogonal wavefornme a
dedicated to delivering one bit. In this case, the baseband

At the radar receiver, théd/r x 1 received data model of
kﬁ) can be rewritten as

. . . . L
transmit signals in (1) can be rewritten as x(t; 7) = ;\2[_2 Z Bon(7)b(6)
s(t;7) 1/ Z Bl i + (1 — Bi(r))ufy)vu(t) L
2Lp L H ,Z((Bl(f)u{fa(emHu—Bl( )ufi a6, ))ei(t)
+(Bi()u + (1= Bi()ui )orp(h)).  (25) -
+(Bur)uffa(n) + (1 = Bi(r)ufl a(0m)) e, (t))

Here, 2L g waveforms are transmitted simulaneously and, as
such, a normalization factor of/ Mr/2Lp is used to ensure
that the total transmit power is fixed .

At the jth communication receiver, the baseband represddatched-filteringx(¢; 7) to the orthogonal transmitted wave-
tation of theN; x 1 signal vector at the output of the receivdorms yields L pairs of the Mz x 1 virtual data vectors

+%(t;7) + z(t; 7). (30)
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X;, X, 1,0l=1,...,Lg, defined as wherea; ; £ /My /LN, Ay is a complex variable which
B+ 7 7% p
I is assumed to be constant amg;(7) is white Gaussian noise
x(7) = 4 [ Mz Z Bun (T) (BZ(T)ufa(Gm) with zero-mean and variange® = N;02. Letn, £ |y;.(7)]
2Lp oo be the magnitude of the communication receiver output (33).

incea; ; is constant ana, ;(7) is zero-mean Gaussian noise,

H -
= Bi())uy a(@m))b(em) +%(7) + (7). (31):1 is a random variable with Rician distribution that follows

the probability density function

T L
X p+1(7)=1/ ﬁ mZ:1 B (T) (Bl (r)uf a(b,,) (peat)

R(m|An,d) = %QTIO (nl:’iH) ’ (34)
H1=Bi(7))uf! a(01n) ) b(0hm) +XL41(7) + 21,5 11(32) i o

2 SMATLaN o i ifi
Stacking the virtual data vectors in (31) and (32) into a tajfhereAn = |V/Mr/LgN;a;Au| andIo(-) is the modified

column vector yields theLpMpr x 1 extended data vectorBefsflpquCtio; of thf grsg ki?: with t?rg'?r[ ze;ot. it
x(r) & [x(r),....x}, (r)]" which can be used for DOA L& b = p(Bi(7) = 0) be the probability of transmitting
estimation. 0. Then, the event of wrongly detecting instead of0 in

A few comments are in order with regards to the twgerforming the test (20) occurs vyhern Is Iess_ than the
proposed signaling strategies. Unlike strategy 1, sineedth thresholdT'. Therefore, the probability of detecting given

tection of a certain bit in strategy 2 is performed by commgri 0is transmitted, denoted @3(1/0), is given by,

the received signal strength associated with one waveform t P0)=P(ny < T)

that of another waveform, no threshold is required. Moreove T

in signaling strategy 2, the number of waveforms transihitte :/ R(mi|Am, o)dm
m=0

via uy equals the number of waveforms transmitted wia
regardless of the binary sequence comprising the embedded —-1-Q (@7 z) 7 (35)
information. As such, from the radar operation view point, o

any clutter or interference located in the sidelobe regidh wWyhere((., ) is the Marcum Q-function.

result in the same signal reflections during the entire aafter  on the other hand, whem;(7) = 1 is transmitted, the
processing interval. On the other hand, the signalingessat probability density function of the magnitude or the reeeiv
1 uses the bit sequence to determine which waveform wilbmmunications signaj, is given by the Rician distribution
be transmitted via a particular SLL. This may cause cluttg{(,|4; ), whereAy, = | /My /LpN;o;ALl. In this case,

to slightly change from pulse to pulse during the coheretfe probability of erroneously detectifigwhile 1 is transmit-
processing interval. For illustration, assume that the eim teq is given by

of 0’s in the bit sequence during a certain pulsd.jsand the

number ofl’s during the same pulse 55, i.e., Lz = Lo+L. POL)=Pm >T)

Signaling strategy 1 results i, waveforms being transmitted _ /°° R(m|Av, 5)dn:

via uy and the remainind.; waveforms being transmitted via =T ’

uy. If Ly andL; are not equal, which is likely to be the case, AL, T

then any clutter or interference located in the commurocati = (7, g) (36)

direction will result in a slightly changing signal reflemtis. »
Note that the aforementioned advantages of strategy 2 ov&erefore, the probability of erraF. can be expressed as
strategy 1 are obtained at the expense of using twice the P.=P,P(1]0) + P,P(0[1), (37)

number of orthogonal waveforms as compared to the signal . .
strategy 1. where P, = p(B;(7) = 1). Since the transmitted waveforms

are orthogonal (i.e., independent from each other), thecdet
V. PERFORMANCEANALYSIS tion of the data bits associated with the individual wavefer

In this section, we discuss the performance analysis of tl52/S0 independent. Therefore, the overall probabilitgwér
dual-function radar-communications system. We derivenihe ¢aN be obtained by averaging over the probability of error
error rate (BER) expression which enables the selectiohef @SSociated with the individual bits. If the exact valuesgf

optimal threshold used at the communications receivers. (Otherwise, it can be estimated) associated wiiftr) = 0
and B;(t) = 1 is known at the receiver, then the optimal

A. BER Analysis for Transmit Signaling Strategy 1 it::r(egs;)oldT can be taken as the value that minimizes fhe

For the first method developed in Section IV-A, the receive

beamformer output (19), whe®;(7) = 0 is transmitted, . , )
B. BER Analysis for Transmit Signaling Strategy 2

simplifies to
u For the second proposed method described in Section IV-B,
Ys(1) =" (65)y5u(T) the detection does not involve comparing the magnitude of
My H the received signal to a threshold. Instead, detecting/ttine
Ly oH 7 (95)m5u(7) bit B;(7) involves comparing the magnitude of the received

=aj +nj(7), (33) signal associated with thith waveform to the magnitude of
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the received signal due to theg + [ th waveform. Let us
assume thaB;(7) = 0 is transmitted. Substituting;(7) =0
in (27) and (28) yields

M-
Y1) =1/ ﬁajAHc((bj) +m;,(7)

M-
YiLs+i(T) =/ ﬁ%‘ALC(%) +1jr,+(1)  (39)

Therefore, the signal strengths used for detection (@8))(
become

(38)

M

m=|y/ 5 Njo; A + e(d;) n (1) (40)
2Lp
M

NLp+l = \/ﬁNjajALJrCH(%)nj,LBH(T) . (41)

The variablesn; and 7; 1,4, follow the Rician probabil-
ity distributions R(n;|Ag, &) and R(nr, 11| AL, &), respec-
tiVG'y, where AH = |\/J\/[T/2LBNjOéjAH| and AL =
|/ Mr/2LpNjco;Ar|. Note thaty, andnz,; are indepen-

dent from each other and, therefore, the joint probability

density function equals to the multiplication of the indiual
probability density functions, that is,

R, nep+1) = R A, &) R(n 5 +1|AL, &)

Therefore, the probability of erroneously detectinggiven0
is transmitted, can be expressed as

P(1]0)=P(nLz41 > m)

o o0
= / / R(mi, ML p+1)dnL 5 +idm
m=0JNL gr1=m

oo

(42)

R(nl |AH1 5-)

R(npp+1|AvL, &)dnr ;41 } dm

A m

) T) dnlv
g g

R(m|Au, 5)Q < (43)

through designing the transmit beamforming weight vectors

ug, £ = 1,...,25 by solving the optimization problem
(10)-(12) while choosing
k—1

Note that the SLLS associated withh and u,., are given
by Ay and Ap, respectively while the remaining®z — 2
SLLs are uniformly spaced betweexy and A;. The signal
transmitted during a certain pulse is given by

x(t;7) =/ Mpuip(t), (46)

where theMp x 1 vectoru during each radar pulse is taken
as one of the aforemention@d > weight vectors depending
on the actual bits to be encoded during that pulgé/r is
a normalization factor used to insure that the total trahsmi
power is normalized taVlr, and ¢ (t) is a single transmit
waveform which is transmitted during every radar pulse.
The signal at the output of the matched-filter at the com-
munication receiver in this case is given as

¥i(7) = VMray (ua(6)))e(6;) +n; (7).

Measuring the signal strength at the receivernag, (1) =
lcf(¢;)y;(7)], the transmitted symbol can be detected by
comparingnsyy, to the set of2’z — 1 thresholdsTy, k =
1,...,25%2 —1. Then, the detected symbol can be converted to
the corresponding bit sequence. The probability of erraseo
detection of thekth symbol is given as

P, P(nsrr, < Tk—1) + P(nsvr, > Tk)
A T, A Ty
1—Q<Tk,é)+c2<%‘, ’“) (48)
g g g g

where Ay = |v/MrN;a;Ag|. Note that fork = 1 and

k = 2L5 Ty and T,., do not exist and, therefore, the first
and the second terms in (48) do not exist, respectively. The
overall probability of symbol error can be obtained by the
statistical average over the individual probability of syoh
error (48). In case, all symbols are transmitted with equal
probability, the overall probability of symbol error sinifigs

(47)

whereR (11, 1, +1)dn ,+1 iS the two dimensional joint Rician to the mathematical average over the individual probgbalt

probability density function.

symbol error, i.e., the summation of all probability of syohb

It is worth noting that wher3;(7) = 1 is transmitted, the ©rror terms divided by the number of symbols.
same two waveforms are used but interchanged over the two

transmit beams, i.ey);(¢) is radiated viau; while ¥y, , (%)

D. lllustrative Example

is radiated viauy. This implies that, at the communication pFor the purpose of comparison, we consider the case of

receiver, the roles ofy and 7. ,4+; will be interchanged.
Therefore, the probability of erroneously detectifgvhile
1 is transmitted will be given by (43) as well, i.e.,

P(1]0) = P(01). (44)

C. BER Analysis for the Method in [14]

Lp =2, i.e., two bits are required to be embedded within each
radar pulse. The method in [14] converts the two bit informa-
tion into one of four symbols which can be communicated via
one of four SLLs. Assuming that the variance of the noise at
the communications receiver is unity, Fig. 1 depicts thadRic
probability distribution associated with the four diffatesym-
bols. The variance of the noise is takenags= 1. The four

We also derive the BER expressions for the DFRC methadlelobe levels are chosen ads = 5.6234, A, = 3.9364,

in [14]. This method mapd.5 bits of information into one

of 2L communications symbols which are represented by log(A2/52)

Az = 2.2494, and Ay = 0.5623 which corresponds to
15 dB, 10log(A3/52) = 11.9020 dB,

one of the2l# SLLs during each radar pulse. Differentl0log(A3/52) = 7.0412 dB, and10log(A%/52) = —5 dB,
SLLs towards the communications direction can be achievegspectively. Note that the values of the SLLs are chosen to
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Fig. 1. Rician probability density function versus magdéauof received Fig. 2. Rician probability density function versus magdéauof received
signal strength; SLLs based method in [14]. signal strength; first proposed transmit signaling strateg

be equally separated from each other on linear scale wh
corresponds to non-uniform spacing on logarithmic scate T
detection thresholds are indicated as vertical dashed lime
the figure. The tails of the different Rician distributions o
either side of the thresholds represent the regions where
detection fails leading to erroneous decoding.

Fig 2 show the Rician probability density functions verst
the magnitude of the received signal at the communicati
receiver for the first proposed signaling strategy. In tlases
the high and low SLLs are chose such that = A, /+/2 and
Ar, = A4/V/2. The reason for this choice is that the methc
in [14] assigns the entire transmit power to a single wawafor
whereas the first proposed signalizing strategy dividesatad
transmit power equally among two orthogonal waveforrr
Note that the two Rician distribution functions associatith
the high and low SLLs are the same for the individual bi
because each bit is associated with an independent waveft
i.e., the received signals associated with the individitaldre U
separable from each other at the receiver. The thresholil L..

to detect the embedded bit is indicated as a vertical lin@én tFig. 3. Two dimensional joint Rician probability densitynfttion versus

figure. Fig. 2 also depicts the tails of the Rician distribo magnitude of received signal strengths associated withiraop@rthogonal
which correspond to detection error. waveforms; second proposed transmit signaling strategy.

For the second proposed transmit signaling strategy, two
pairs of waveforms are used simultaneously; one pair per
information bit. Therefore, four waveforms are used to ethbgepresent the region of detection error, i.e., the regioereh
two bits per pulse which means one quarter of the totdle signal associated with the lower SLL is higher than the
transmit power is assigned to each waveform. Fig. 3 showignal associated with the higher one.
the two dimensional Rician distribution function by chaasi  We calculate the theoretical BER for the two proposed meth-
Ay = Aq/2 and A, = A4 /2, respectively. The detection inods using the expressions (36), (43). It is worth noting (48}
this case is performed by comparing the magnitude of tle@ables calculating the symbol error rate for the method in
received signal due to one waveform to the magnitude of thie4]. However, the BER can be straightforwardly calculated
received signal due to the second waveform of the pair. THig considering the probability of erroneous detection & th
comparison is indicated by the diagonal line in Fig. 3. Thiadividual bits, i.e., by integrating the portions of thecRin
right lower triangle of the joint Rician distribution funoh probability distributions in Fig. 1 which corresponds toia b
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—s— Theoritical BER for method [14] 10+
10° - ® -Theoritical BER for proposed method 1 (Eq. (37))
- —e—Theoritical BER for proposed method 2 (Eq. (43))

+++ 1st transmit beam (communication SLL = -20.00 dB)
- - -2nd transmit beam (communication SLL = -21.74 dB)
+==3rd transmit beam (communication SLL = -24.69 dB)
—— 4th transmit beam (communication SLL = -40.00 dB)
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Fig. 5. Transmit power distribution versus spatial anglearple 1.
Fig. 4. Theoretical BER versus the SNR associated with thbest SLL.

error. Fig. 4 shows the BER curves versifslog 42 /02 for

all methods considered. We vary all other SLLs in the sam
rate such that total transmit power used for all methods iema
the same, i.e., for exampJéH = Ay /V2 = A, /2 has always
been satisfied. It is clear from the figure that the two progose
transmit signaling strategies have theoretically muchelow
BER as compared to the method in [14]. This fact will be
demonstrated by simulation examples in the following secti

It is worth noting that the theoretical BER derivations give
above correspond to the case of transmission and receftion
unencoded data. However, the BER associated with encod -
data can be lower than the BER associated with the unencod < Sidelobe cortrol based method (uncoded)

BER

. . . . . . ) ) —=— Proposed method 1 (uncoded) L
one. This will be investigated further in the simulationtsa. ||~ Proposed method 2 (uncoded) .
10 "} - » - Sidelobe control based method (coded) o s
-4 -Proposed method 1 (coded) b
VI. SIMULATION RESULTS - Proposed method 2 (coded) ‘ ‘
: . . . .. 0 5 10 15 20 25 30
We consider a uniform linear transmit array consisting of SNR (dB)

My = 10 antennas spaced one-half wavelength apart. In ac

dition to Fhe radar operation within the malr?bez_slm, We aSSUIBE ¢ peR versus SNR: Example 2.
that, during each radar pulse, a communication message of

L = 2 bits is delivered towards the communication directions

located in the sidelobe region. In all simulation examples, \yhich focus their individual mainbeams towards the radar op
provide a comparison between the two proposed methods &fgtion directiord,..j., = 0°, are obtained by solving (4)—(6).
the method of [14]. To implement the SLL based methoflyree communication receivers are assumed to be located in
in [14], we design2-2 = 4 transmit beamforming weight directionsf; = —50°, 6, = —30°, andf; = 40°, respectively.
vectors. On the other hand, only two transmit weight vectof$,e communication SLLs associated with, k= 1,...,4,
are used for the proposed methods. are constrained to be &? = 0.01 or —20 dB, A2 = 0.0033
_ _ ~or —21.76 dB, A% = 0.0066 or —24.77 dB, andA? = 10~*

Example 1. Transmit Beampattern Design for Narrow Main  or _40 dB, all relative to the mainbeam. For all other sidelobe
Beam directions, the SLLs are controlled by choosing 0.1. Fig. 5

We first investigate the possibility of synthesizing traitsmshows the normalized transmit power distribution patterns
power distribution patterns with a fixed mainbeam towardswersus angle for all transmit weight vectors. We observe
specific angle and variable SLLs towards multiple communicthat, as expected, all transmit weight vectors have almost
tion directions. This scenario enables delivering a certaim- the same pattern within the mainbeam, which implies that
munication message simultaneously to multiple communicthe radar operation will not be affected if the waveform is
tion receivers. Four transmit weight vectarg, k = 1,...,4, radiated via either transmit beam. Further, the SLLs toward
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second proposed method. To test the BER, a sequence of
10" F ! ! - - - Sidelobe control based communications [14] 106 SymbOlS unencoded (tWO bits eaCh) are transmitted. In

-*- Proposed method 1

— Proposed method 2 addition, a convolutional encoder of ra®3 is applied to
\ v the original sequence resulting in5210° encoded sequence.

h D“G {}QVO\ Both the unencoded and the encoded sequences are embedded
e e independently using the method of [14] and the proposed

wlil ¥ two methods. The communication receiver is assumed to be
equipped withN = 10 receive antennas arranged in a non-
uniform linear array where the positions of the elements
are drawn randomly from the intervfl), 4.5], measured in
wavelength. The received encoded sequence is decoded using
a Viterbi decoder. The BERSs versus the signal-to-noise rati
(SNR) for the three methods is shown in Fig. 6 for both the
unencoded as well as the encoded data sequences. Clearly,
both proposed methods achieve superior BER performance
. as compared to the method of [14]. Note that the latter

0 0 a0 -szngle(gegree)z‘o 0 60 80 method transmit25% of the information via each of the
four beams. Therefore, intersymbol interference becomes a
considerable source of detection error resulting in peréorce

Fig. 7. BER versus angle; Example 3. degradation. This phenomenon is expected to be worse if
longer binary sequences are used. It is worth noting that,
for all methods tested, the BER associated with the encoded
sequence outperforms the BER associated with the unencoded
sequence. However, this BER superiority comes at the price
of slower data transmission rate.

Example 3: Probability of Intercept for Narrow Main Beam

In this example, we test the security of the communica-
tion process and show that the proposed methods prevent
communications interception from directions other thaa th
intended ones. To this end, we calculate the BER versus
transmission angle for all methods tested. We use the same

Probability of detection

=2 Skiobs conrol Basad commuicatons (14 | set up as in Example 2, except that the SNR is fixed at
—e— Proposed metho P

o5k ‘ ‘ . |===Proposedmethod2 ‘ ) 10 dB. The BERSs are calculated based on transmittisg10°
T sk voor " symbols of encoded data sequence. The Viterbi decoderds use

to decode the received data. Fig. 7 depicts the BER versus
angle for the three considered methods, which shows that
the BER assumes high values for directions other than the
intended communication directions in all cases. This means
the communication directions are clearly separated frooh edhat all methods have inherent security against informatio
other, thereby enabling the communication receivers tealetinterception from directions other than the communication
which transmit SLL was used during a certain radar pulsérections. It can be also confirmed from the figure that
and, in turn, determine the associated information messatfee two proposed methods have a better BER towards the
Therefore, information embedding can proceed by choosiagmmunication directions as compared to the method of [14].
a certain waveform to be radiated over either of the transmit

Fig. 8. Probability of target detection versus SNR; Examle

beams. Example 4: Probability of Target Detection for Narrow Main
Beam
Example 2: BER Performance for Narrow Main Beam Next, we evaluate the performance of the radar operation

Next, we use the setup in Example 1 to investigate thethin the main beam focused towarfs.q., = 0°, in terms
performance of the two proposed methods in terms of tlthe probability of target detection. We assume a singtgeta
BER and compare it with the technique in [14]. Note thdbcated in the far-field at directiofl, = 0°. The number of
the latter technique employs a single waveform in tanderadar receive elements is chosen to kg, = 10, with the
with 4 SSLs towards the communication direction to deliveantennas arranged in an arbitrary linear array configuratio
Lp = 2 bits of information. On the other hand, we employo-located with the transmit array. The target is considere
two orthogonal waveforms to deliver two bits per pulse, i.eto be detected if the received power froflh exceeds a
one waveform per bit, for the first proposed method and foaertain threshold, which is set to unity in this example.. f8ig
orthogonal waveforms, i.e., two waveforms per bit, for thehows the probability of target detection versus SNR. We
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observe that all methods tested provide similar targettiete
performance, which implies that the process of informati 101 5 e ot = ar

embe(jdlng in the S|delqbe region does not adversely aff s 5 e o S e o)
the primary radar operation.

Example 5: Transmit Beampattern Design for Wide Main
Beam

In this example, we assume that the main radar operat
takes place within the sect® = [—10° 10°]. We further
assume that the radar operation requires the power le
emitted in the sidelobe areas to be at lexsdB lower than
the mainlobe. The communication operation remains in t
sidelobe region, where a single communication direction
0 = —50° is considered. Again, we assume thigt = 2 bits o ST —
of information are to be transmitted during every radar @uls
The four transmit weight vectors are designed by solving<10
(12). The parameterdy, k = 1,...,4, ande are chosen to Fig. 9. Transmit power distribution versus spatial anglgaréple 5.
have the same values as in Example 1. The first and fourth
designed vectors are used for the proposed methods, while

Transmit beampattern (dB)

[ i [
40 60 80

0 20
Angle (Degree)

four are employed for implementing the SLL based meth N ‘ . Sidelobecontol based meiod 14] (nencoded)
of [14]. Fig. 9 plots the transmit power distribution patter 0 ~' T8z Froposed mohod 2 (nencode) e
for all four transmit weight vectors, which clearly showsth g —— L oo mether 2 oo

all patterns are identical within the sect®, whereas the } .

SLLs towards the communication directions are distinctrfra o ]
each other, thereby enabling information embedding. N¢ 107 N B

that the difference between two adjacent SSLs towards
communication direction is the same in terms of log-sce
magnitude. 1wl

BER

Example 6: BER Performance for Wide Main Beam

This example tests the BER versus SNR for the comm ' ¢
nication receiver located at50° using the transmit beam- 107 : : s ]
forming vector designs of Example 5. During each rad SNR (@8)
pulse, the transmitter embedsbits of information and the
communication receiver performs detection on a pulse bgepukig. 10. BER versus SNR; Example 6.
basis. Similar to Example 2, the experiment is carried over
105 independent trials of unencoded data. The information
sequence is generated randomly. Also, a convolutionaldsrcois 100, i.e., 100 data snapshots are used at the radar receiver
and a Viterbi decoder are used to perform the simulationgusito build the data covariance matrix. The MUSIC algorithm is
encoded data sequence. Fig. 10 shows the BERs versus SI$Rd to perform DOA estimation for all methods tested. The
for all methods tested. It is clear that the two proposed pudh two targets are assume to be resolved provided
achieve superior BER performance as compared to the method . |92 _ 91|
of [14]. The figure also shows that the BER associated with ]91- — Gi] < s i=1,2, (49)
the case of encoded data sequence is better than that for the =
case of unencoded data for all methods tested. Again, thissatisfied [32]. The root-mean square error (RMSE) and the

comes at the price of slower data transmission rate. probability of target resolution are averaged ove00 inde-
pendent runs. Figs. 11 and 12 show the RMSE versus SNR and

the probability of target resolution versus SNR, respetyivt

can be observed that the two proposed methods outperform the

method of [14]. This is because the method of [14] transmits
This example evaluates the DOA estimation performaneesingle waveform at any given pulse and as such, does not

of the radar operation. We assume two targets located erploit any waveform diversity, i.e., the size of the datahat

the far-field at angles3® and 5°, respectively. The target radar receiver has dimensiongg x 1. For the first proposed

reflection coefficients are assumed to be constant duriny eagethod, assuming thd(B;(r) = 0) = P(B;(r) = 1) = 0.5,

radar pulse, but change from pulse to pulse and are drathe transmitter utilizesiy alone (i.e., whenB;(r) = 0 and

from a normal distribution. The number of radar receiveyarraB, = 0) during 25% of the time andu alone (i.e., when

elements is chosen @dr = 10. The number of pulses usedB;(7) = 1 and By = 1) during 25% of the time. That

Example 7: DOA Estimation Performance for Wde Main
Beam
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—— Sidelobe control based method [14] 10 —s— Sidelobe control based method [14] [{
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Fig. 11. RMSE versus SNR; Example 7. Fig. 13. RMSE versus INR; Example 8.
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Fig. 14. Probability of interfering source resolution wesdNR; Example 8.

Fig. 12. Probability of target resolution versus SNR; Ex&mp

Example 8: Effect of sidelobe modulation on out-of-sector
interference localization

is, during half of the time (i.e., wheB,(7) = B)), the The final example tests the effect of varying the SLLs
received data (at the radar receiver) depends on eiiher from pulse to pulse on the performance of DOA estimation
or uy, alone, but not both of them at the same time. Duringf powerful sources located in the sidelobe region. Sinee th
the remaining time (i.e., wheB; (1) # Bs), the received data sources are located outside the mainbeam of the radar, they
can be virtually extended into 20 i x 1 vector, where the are treated as interference. We use the same setup as that of
first Mr x 1 part of the data is a function afiy and the Example 7, except that two interfering sources are assumed
secondMp x 1 data part is a function ofiz, leading to a to be located at directions52° and —48°, respectively. The
virtually extended array. This increased dimensionakigutts interference reflection coefficients are assumed to be aohst

in improved DOA estimation performance as compared to tldeiring each radar pulse, but change from pulse to pulse and
method of [14]. For the second proposed method, two difteresre drawn from a normal distribution. We assume that the sec-
waveforms are transmitted all the time leading2tt/z x 1  ondary function of the system embeds two bits of information
virtual datal00% of the time. This results in even better DOAduring each radar pulse where the probabilities of embeddin
estimation performance and probability of source resofuti ‘0’ and embeddingl’ are equal. Therefore, the method of
as compared to the first method. However, the performandd] utilizes four different sidelobe levels which meansitth
improvement is achieved at the expense of using twice tB&% of the received data snapshots have interference strength
number of orthogonal waveforms as compared to the fipstoportional to each one of the four sidelobe levels. This
proposed method. variation in the interference strength within a CPI is expdc
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